The effectiveness of nanofiltration (NF) to control assimilable organic carbon (AOC) and biodegradable dissolved organic carbon (BDOC), the main indicators of biological stability of finished potable water, was systematically investigated at the 30,000 m 3 /day NF membrane plant located in Southern Florida. One year of full-scale operation showed that nanofiltration effectively reduced BDOC, but was not able to reject AOC. The insignificant AOC rejection observed was probably due to the low pH, high hardness, and high ionic strength (TDS) of the processing water. In order to verify this hypothesis, a series of well-controlled bench-scale experiments were conducted at simulated solution chemistries. The bench-scale study clearly demonstrated that AOC removal by NF membranes decreased markedly with decreasing pH (a 25% decrease in pH led to a 20% decrease in AOC removal), and increasing hardness (10-fold increase led to a 90% decrease in AOC removal) and ionic strength (a 25-fold increase led to a 50% decrease in AOC removal). These solution environments repress the electrostatic repulsion between charged AOC compounds and membranes, resulting in low AOC rejection. Lastly, an empirical model was statistically developed based on bench-scale data and utilized to estimate full-scale performance. AOC removal predicted by the model showed good agreement with values observed in full-scale operation (R 2 =0.98).
increase when the AOC was lower than 10 µg/l while LeChevallier et al. (1987) suggested that coliform regrowth may be limited by AOC levels less than 50-100 µg/l in systems maintaining a 3-6 mg/l chlorine residual.
The BDOC test measures the gross amount of organic matter that is biodegraded by an inoculum of suspended or fixed (on sand or glass beads) bacteria over a predetermined period of time. The BDOC concentration represents the fraction of dissolved organic carbon (DOC) that is both mineralized and assimilated by heterotrophic flora (Joret & Levi 1986; Servais et al. 1987; Frias et al. 1992; Volk et al. 1994; Kaplan et al. 1995) . Joret et al. (1991) suggested that BDOC accounts for 10 to 30% of the total dissolved organic carbon content of drinking water. Kaplan et al. (1994) concluded that while AOC addresses concerns about bacterial regrowth, BDOC addresses reduction in chlorine demand or disinfection by-product formation.
Many researchers observed that, even though membrane filtration considerably reduces the DOC of the permeate water, it might let through a significant portion of the raw water AOC. The few existing studies (Clair et al. 1991; Agbekodo et al. 1996; Noble et al. 1996; Sibille et al. 1997 ) showed that reverse osmosis (RO) and NF were effective in rejecting higher molecular weight compounds typically quantified as DOC and BDOC. However, lower molecular weight compounds, typically quantified as AOC (e.g. acetic acid and amino acids), were rejected to varying degrees depending on the membrane characteristics, organic properties, and solution chemistry. From the limited experiments performed, it is obvious that more profound studies on the effects of membrane filtration on AOC removal are needed at both full-and bench-scales.
This research project was directed to determining the capability of full-scale nanofiltration, as a drinking water treatment alternative, for the removal of AOC. The project was divided into two separate phases: (i) 
METHODS AND MATERIALS

Full-scale membrane water treatment plant
The NF membrane plant treats raw water from the Biscayne Aquifer in Southern Florida which is a shallow, surficial aquifer, with significant surface influence and some salt-water intrusion. The raw water characteristics shown in Table 2 ). The NF plant was operated with an average of 3 × 10 4 m 3 /day (7.8 mgd) during the study. Before the static cartridge filters, 140 mg/l of sulfuric acid were added to lower the pH to 5.5, and 2 mg/l of antiscalant (proprietary) were added to reduce scaling. The membrane-filtered water was disinfected by adding 4 mg/l of chlorine and 1.3 mg/l of ammonia. The water was then aerated and 45 mg/l of sodium hydroxide was added for pH adjustment.
The sampling point was located immediately after the membranes. Sample collection and storage were performed as outlined in Standard Methods (AWWA 1995) .
The procedure requires the addition of 20 mg/l sodium thiosulfate (Na 2 S 2 O 3 ) solution to neutralize the chlorine residual in the samples. Kaplan & Bott (1989) found that the addition of thiosulfate did not significantly stimulate the growth of Pseudomonas fluorescens strain P17 or Spirillum volutans strain NOX, thus having no effect on AOC concentrations. On the other hand, Maclean et al. (1996) determined that the addition of thiosulfate leads to some interference with the BDOC measurements that could be minimized if less than 20 mg/l of thiosulfate were added.
Raw water quality for bench-scale experiments
The laboratory tap water at the University of Central
Florida was utilized to prepare the raw water matrix because of the inability to continuously acquire raw source water from the plant. It should be noted that using two different sources of water may weaken some of the predictive power of the bench-scale work, and thus the results were mainly used to provide qualitative interpretation of observations. The raw water samples were carefully withdrawn after a 5-minute flushing period. The raw water contained 2.0 mg/l DOC, 120 mg/l as CaCO 3 of alkalinity, 190 mg/l as CaCO 3 of hardness, total dissolved solids of 160 mg/l, pH of 7.50-8.00, and turbidity of 0.25 NTU. The background AOC and BDOC were 55.6 µg acetate-C/l and 220 µg C/l, respectively.
The raw water was spiked with 200 µg/l carbon as sodium acetate, to determine the retention of AOC. Therefore, the total raw water AOC and BDOC after the spike addition were 256 µg acetate-C/l and 420 µg C/l, respect- 
Bench-scale membrane test unit and protocol
Bench-scale membrane filtration experiments were conducted using a flat sheet cell unit consisting of two circular cells, each with 81.3 cm 2 (12.6 in 2 ) active membrane area. One litre of permeate was collected for AOC analysis.
Zeta potential measurements
The zeta potentials of the membrane surface were determined using a streaming potential analyzer (BI-EKA, Brookhaven Ins., Holtsville, NY) to assess changes in membrane surface charge at various solution chemistries.
A new membrane, rinsed with distilled water and soaked overnight, was used for each experiment prior to measurements. The divalent cation (Ca 2 + ) concentration in testing solutions ranged from 10 − 4 to 0.05 M with a background electrolyte concentration of 10 − 2 M NaCl.
AOC bioassay
AOC was measured using the rapid method of LeChevallier et al. (1993) , except that plate counts were used to enumerate bacteria rather than ATP fluorescence, in conjunction with Standard Methods procedure # 9217 (AWWA 1995) and the method of van der Kooij (1992) .
Details of the procedure used are outlined in Escobar & Randall (1999) . Quality control for the AOC bioassay was performed using blank controls, and 100 µg C/l sodium acetate standards. The 100 µg C/l sodium acetate standards inoculated with P17 produced an average AOC of 93.80 ± 20.00 µg/l as acetate-C, while for NOX, they produced an average AOC of 77.20 ± 12.53 µg/l as acetate-C. No controls were made to assess the effect of thiosulfate since it has been determined not to affect AOC concentrations (Kaplan & Bott 1989) .
Biodegradable dissolved organic carbon
The procedure for BDOC determination followed the technique using sand fixed bacteria (Joret & Levi 1986; Escobar & Randall 1999) , with an MDL (method detection limit) of 0.15 mg/l. 
RESULTS AND DISCUSSION
Membrane surface charge
Increased calcium ion concentrations and lower pH (increased hydrogen ion concentrations) made the zeta potential of TFCS membranes more positive (Figure 3 ).
This was attributed to the higher degree of deprotonation of membrane surface functional groups, such as carboxyl, at high pH. More specifically, when calcium was increased to 0.05 M at either pH = 7.5 or pH = 5.5, the absolute value of the membrane zeta potential was decreased by approximately 5-6 mV. This observation can be explained by effective masking of the membrane surface charge by divalent cations. In addition, specific adsorption of divalent cations to membrane surface functional groups may contribute to the neutralization of the negative charge of the membrane. Similar trends were reported by Hong & Elimelech (1997) .
Bench-scale observations
Electrostatic interactions between organic compounds and membranes play a significant role along with diffusion and size exclusion in AOC removal by NF membranes (Table 3 ; Figure 4 ). As shown, the AOC removal decreased significantly as the hardness and ionic strength increased.
It was also observed that slightly better rejections of AOC were observed at pH = 7.5 than pH = 5.5. From zeta potential measurements, at low pH and high hardness and ionic strength, the membrane surface became less negative. Losses in the negative charge of the membrane surface have been observed to cause reductions in electrostatic repulsion between organics and membranes (Braghetta 1995) . Thus, charged organic compounds experienced less repulsion near the membrane surface or within pores, leading to a significant increase in passage of AOC through the membrane. This was supported by the high sensitivity of AOC removal to changes in solution chemistry (i.e. pH, hardness, and ionic strength; Table 3 ).
However, it should be mentioned that enhanced removal by charge repulsion can be applicable only to charged AOC compounds such as acetate and might not be important for other uncharged AOC-forming compounds, such as aldehydes.
The decrease in AOC rejection with decreasing pH and increasing hardness and ionic strength may be also explained by changes in configuration of organic compounds. At low pH and high hardness and ionic strength, organic compounds have a more compact, smaller configuration due to reduced interchain charge repulsion (Hong & Elimelech 1997) . Smaller configurations of organic compounds allow them to pass through membrane pores more easily, consequently decreasing AOC removal.
Prediction of AOC removal
Regarding the full-scale data, since AOC rejection decreases as the feed concentration increases, diffusion plays a significant role in the rejection mechanism; on the other hand, the bench-scale data show a nearly constant AOC rejection (90%) for all feed concentrations 
where K S is solute mass transfer coefficient (cm/sec), and C B and C P are feed and permeate solute concentrations, Figure 6) . Lastly, the model was applied to varying conditions of hardness and total dissolved solids ( Figure 7) . What the reader should learn is that the model predicts a decrease in AOC rejection as total dissolved solids and/or hardness concentrations increase. It should be noted that the model results were specific to the water qualities used in the full-and bench-scale analyses as well as the membranes used.
CONCLUSIONS
It is always difficult to make definitive conclusions from full-scale field studies where no operating variables are truly controlled. This is certainly true for the issue of • Additional research is recommended that would allow variation of flux and recovery, with charge and ionic strength for both amine and acetate based AOC forms.
